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NOMENCLATURE 

Model base area, 0.41736 ft2 

Axial-force coefficient, axial force/q S 
00 

Base axial-force coefficient, (poo - Pb)Ab/qoo S 

Forebody axial-force coefficient, CA - CA,b 

Rolling-moment coefficient, rolling moment/q SD 
00 

Pitching-moment coefficient, pitching moment/q SD 
00 

Equivalent pitching-moment coefficient due to the jet 
thrust, positive in the direction of the positive 
pitching moment, jet pitching moment/q SD 

00 

Rate of change of pitching-moment coefficient with 
angle of attack, dCm/da, evaluated at Cm = 0, per deg 

Normal-force coefficient, normal force/q S 
00 

Equivalent normal-force coefficient due to the jet 
thrust, positive in the direction of the positive 
normal-force coefficient, jet thrust/qooS 

Rate of change of normal-force coefficient with 
angle of attack, dCN/da, evaluated at C

N 
= 0, per deg 

Yawing-moment coefficient, yawing moment/q SD 
00 

Pressure coefficient, (PI - p )/q 
00 00 

Side-force coefficient, side force/q S 
00 

Change in pitching-moment coefficient 
(Cm . - Cm. ) calculated by numerical 

Jets on Jets off 
integration of the model surface pressures 

Change in normal-force coeffici~nt 
(CN - C

N 
) calculated by numerical 

jets on jets off 
integration of the model surface pressures 

Model diameter, 1.667 ft 

Free-stream Mach number 
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R 

S 

v 00 

x 

x cp 

a 

v 00 

Static pressure on model base, Ib/ft2 

Jet exit static pressure, Ib/ft2 

Local static pressure, Ib/ft2 

Free-stream static pressure, Ib/ft2 

Free-stream dynamic pressure, 0.7 PooM002, Ib/ft2 

Reynolds number per foot, V /v 00 00 

Distance from center of jet to the first radial ring 
of orifices around the jet, 0.475 in. 

Distance from center of jet to the second radial 
ring of orifices around the jet, 1.35 in. 

Distance from center of jet to the third radial 
ring of orifices around the jet, 2.225 in. 

Model planform area, 2.1817 ft2 

Free-stream velocity, ft/sec 

Distance from the center of the model, positive 
along the positive x-axis, ft 

Center of pressure location expressed in body 
diameters from the center of the model, positive 
along the positive x-axis, Cm/CN 

Center of pressure location expressed in body 
diameters from the center of the model, positive 
along the positive y-axis, Cl/C

N 

Angle of attack, positive nose up, deg 

Kinematic viscosity of the free-stream, ft2/sec 

~ Angle of yaw, deg 

~b Model attachment positions, 0, 90, 180 deg 
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INTRODUCTION 

At the request of the Air Proving Ground Center, Eglin 
Air Force Base, Florida, tests of a 1/3-scale Pye Wacket 
missile were conducted in the PWT 16-Foot Transonic Circuit 
for the Convair Division of General Dynamics Corporation. 
This investigation was conducted during the period of Sep
tember 12 to 23, 1960. 

The Pye Wacket is being developed as a short range air
to-air missile with a lenticular body design. This particu
lar design was selected for its omnidirectional launch capa
bilities. Control of the missile is to be accomplished by 
control jets flush-mounted on the upper and lower surfaces 
of the missile's centerline. 

The test program was initiated to determine force 
characteristics and reaction jet influence on missile aero
dynamics for the unusual attitudes encountered in omnidirec
tional launches. Data were obtained at Mach numbers 0.6 to 
1.6 for various model attitudes through lSO-deg yaw and 9-deg 
angle of attack. 

APPARATUS 

TEST FACILITY 

The PWT 16-Foot Transonic Circuit is a continuous flow, 
closed circuit type wind tunnel capable of operating at Mach 
numbers from 0.5 to 1.6 and total pressures up to approxi
mately two atmospheres. The test section is 16 feet square 
with perforated walls to allow continuous operation through 
the Mach number range with a minimum of wall interference. 
Figure 1 shows a sketch of the test section with the model 
and sting support system and a detail of the test section 
wall liner plates. A more complete description of the test 
facility can be found in Ref. 1. 

TEST ARTICLE 

Two 1/3-scale Pye Wacket models were tested in the 16-
Foot Transonic Wind Tunnel. The size of the model prevented 
the use of a single model to obtain control jet aerodynamic 
interference effects and force measurements simultaneously. 

Manuscript released by authors November 1960. 
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A view of the sting-mounted force model in the test section 
is shown in Fig. 2. Figure 3 is a dimensional sketch of the 
model including the location of the control jets which were 
installed on the pressure model only. Both the force and 
the pressure models had the same external dimensions and were 
constructed so that they could be sting-mounted in either of 
three mounting positions to provide a wide range of yaw atti
tude. Figure 3 shows the three sting attachment locations 
that are called out as 0, 90, and lSO-deg mounting positions. 
The models were mounted in the tunnel with the model pitch 
plane in the horizontal plane of the test section. 

Figure 4 shows a sketch of the force model with a fixed 
axis system and arrows to indicate the positive directions 
of forces, moments, and angles. 

INSTRUMENTATION 

The force model was mounted on a six-component internal 
strain gage balance. The balance was 1.5 inches in diameter 
and measured forward and aft normal forces, forward and aft 
side forces, rolling moment, and axial force. The balance 
static load components were supplied to the test facility 
computer by analog-to-digital converters. The model dynamics 
were monitored on a direct writing oscillograph. 

The pressure model was instrumented with S6 static 
orifices on the upper surface, five total pressure orifices 
on the leading edge, and six base pressure orifices. Since 
both the force and pressure models had the same dimensions 
and were tested at the same conditions, the base pressures 
from the pressure model were considered applicable to the 
force model. Figure 5 is a sketch of the pressure model 
showing the location of all pressure orifices. 

The pressure model had two high-pressure air jets to 
simulate reaction control. Jet chamber pressures and tem
peratures were measured to determine the jet air weight 
flows. Figure 6 is a photograph of the instrumented side 
of the pressure model yawed ISO deg and shows the location 
of the jets. 

TEST DESCRIPTION 

TEST PROCEDURE AND CONDITIONS 

Force and pressure data were obtained for the models at 
Mach numbers from 0.6 to 1.6. Both models were tested at yaw 
angles between 0 and ISO deg and angles of attack from 0 deg 
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to 9 deg in 3-deg increments. Since the models were mounted 
with the pitch plane of the model in the horizontal plane of 
the tunnel, angles of attack were set manually by a sting 
knuckle joint arrangement. Model yaw angles were obtained 
remotely by the tunnel sting pitch mechanism. The tunnel 
sting pitch mechanism allows a maximum of ±12-deg deflection 
in the vertical plane. The model was mounted on an Il-deg 
bent sting as shown in Fig. 1 to obtain the maximum yaw 
range. By pitching the sting from -11 to +12 deg, positive 
yaw angles of 23 deg could be obtained at each model attach
ment position. By mounting the model on the sting at the 
O-deg mounting position and pitching the sting from -11 to 
+9 deg, model yaw angles of 0 to 20 deg were obtained. To 
obtain 90 to 100-deg yaw angle, the model was mounted at the 
90-deg mounting position, and then, by rolling the model 
ISO deg on the sting, 70 to 90 deg of yaw were obtained. By 
mounting the model at the lSO-deg mounting position, yaw 
angles of 160 to ISO deg were obtained. 

The convention used to obtain model yaw angles through 
ISO deg was not the standard aerodynamic convention usually 
followed. To obtain ISO deg of yaw with the pye Wacket 
missile, the model was first pitched to an angle of attack 
and then rotated in the "x-y" plane of the model through 
ISO deg (see Fig. 4). Therefore, at a positive angle of 
attack and a model yaw angle of ISO deg,the model was actually 
in a nose down attitude. 

Aerodynamic force and moment coefficients were calculated 
from the model pressure measurements. To calculate these 
coefficients, each of the surface pressure orifices (1 to S6) 
were area weighted by dividing the pressure model planform 
area into triangular and trapezoidal sectors with pressure 
orifices as the vertices for all the areas. A numerical 
integration process was then used to calculate the aerodynamic 
coefficients. Both a positive and negative angle of attack 
data point were required to obtain these coefficients for the 
model, since only one surface of the model was pressure in
strumented. 

The original test plan called for data to be taken at 
a maximum possible dynamic pressure over the Mach number 
range. Since the tunnel operating limit was higher than 
the limit on the balance normal-force gages at 9-deg angle 
of attack, the balance was the limiting factor. Operating 
conditions were therefore determined during the first night 
of testing by monitoring the normal-force readout and bring
ing the tunnel total pressure up to condition. With the 
model mounted in the lSO-deg position, the axial-force gage 
was the limiting factor for maximum operating loads. The 
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tunnel was therefore operated at a lower free-stream dynamic 
pressure for this mounting position. Shown in Fig. 7 is the 
variation of both free-stream dynamic pressure and Reynolds 
number per foot for the 0, 90, and ISO-deg mounting positions. 

CORRECTIONS 

Angle of attack was corrected for sting and balance de
flections but not for model misalignment with the flow. The 
sting and balance deflections were determined by statically 
loading the balance after it was installed in the test sec
tion. 

No correction has been made for tunnel wall interference 
since these effects are believed to be insignificant because 
of the wave attenuation properties of the perforated walls 
and the small size of the model. The blockage ratio of this 
model was 0.163 percent based on the maximum cross sectional 
area at O-deg angle of attack. 

PRECISION OF MEASUREMENTS 

An estimate of the probable error in the computed coef
ficients and tunnel parameters is shown in Table 1. Assuming 
the error distribution to be near normal for each measured 
quantity, the probable error in the final result can best be 
represented by combining the uncertainty interval of each 
independent quantity to determine the "propagation of errors" 
effect. Thus, if X = f(a, b, c), the probable error 6X is 

M = ±j((dX E )2 + (dX E \2 + (dX E )2 
da a db b) dC c 

where a, b, and c are measured quantities, and Ea , Eb , and EC 

are the uncertainty intervals of each measured quantity. A 
complete description of this method can be found in Ref. 2. 

Since the data are single-sample measurements, the pro
bable errors in Table I are estimates rather than results of 
statistical theory. It is estimated that the uncertainty 
interval based on 95 percent probability will give the true 
value of the parameters within the range quoted in Table 1. 
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RESUL TS AND DISCUSSION 

FORCE CHARACTERISTICS 

All force characteristics presented in the following 
discussion were obtained without jet-control flow. The 
variation of normal-force coefficient with angle of attack 
is presented in Figs. 8 and 9. These data are presented 
for yaw angles of 0, 90, 180 deg only. Figure 8 shows little 
variation in normal-force coefficient at yaw angles of 0 and 
90 deg. As shown in Fig. 9, the normal-force coefficient 
data at ~ = 180 deg has a different trend at the subsonic 
Mach numbers. Normal-force coefficients of opposite sign 
to that normally expected at Mach numbers of 0.6 and 0.8 and 
positive angles of attack were obtained. No data were ob
tained at negative angles of attack because of model symmetry. 
Based on model symmetry with the model at 180 deg of yaw and 
at a Mach number of 0.8, there must be an abrupt change in 
normal-force coefficient between +3 and -3-deg angle of 
attack. At a Mach number of 0.8, angle of attack of 0 deg, 
and model yaw angle of 180 deg, severe model dynamics were 
experienced, and no force data could be obtained. By chang
ing the angle of attack or decreasing angle of yaw, the high 
model dynamics were completely eliminated. 

As shown in Figs. 10 and 11 data from the pressure model 
explain results obtained at ~ = 180 deg. Figure 10 presents 
an average centerline pressure coefficient distribution taken 
from three longitudinal pressure rows (see Fig. 5) closest 
to the centerline of the model. This figure compares an 
upper and lower surface distribution for ~ = 0 and 180 deg, 
0.8 Mach number and 3.2-deg angle of attack. At the ~ = 0 deg 
position the upper surface is at a lower pressure level than 
the lower surface, which indicates a positive normal force 
as was obtained with the force model. With the model at 
~ = 180 deg, the flow has separated from the upper surface. 
Integration of the pressure distributions indicated a nega
tive normal force. 

Figure 11 is a similar comparison at Mach number 1.0 
and shows the same trend as the Mach number 0.8 plot for the 
~ = O-deg position. At ~ = 180 deg the flow has partially 
attached to the upper surface, resulting in a positive normal 
force. 

The variation of pitching-moment coefficient with angle 
of attack is presented in Figs. 12 and 13 for yaw angles of 
0, 90, and 180 deg. (All pitching-moment data were taken 
about the y-axis passing through the geometric center of the 
model planform.) As shown in Fig. 12, an increase in angle 
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of attack produces an increase in positive pitching-moment 
coefficient for the O-deg yaw position. At the 90-deg yaw 
position, the center of pressure falls either on or very 
close to the pitch axes, and very little pitching moment was 
experienced. At the lSO-deg yaw position, positive pitching
moment coefficients were obtained at subsonic Mach number, 
and negative pitching-moment coefficients were obtained for 
the supersonic Mach numbers as shown in Fig. 13. At a Mach 
number of 1.0 a very large change in pitching moment occurred 
similar to the pitch-up found for conventional wings. 

The variation of the slope of the normal-force and the 
pitching-moment curves with Mach number is presented in 
Figs. 14 and 15, respectively, for O-deg angle of yaw. 

Shown in Fig. 16 is the variation of the center of pres
sure with both angle of attack and angle of yaw. In this 
figure the data are presented for yaw angles of 0, 10, and 
20 deg only. At the subsonic Mach numbers the center of 
pressure location is influenced very little by increasing 
angle of attack. As the Mach number was increased, the center 
of pressure moved toward the center of the missile. An in
crease in angle of attack at the higher Mach numbers also 
moves the center of pressure nearer the center of the missile. 
The most extensive angle of yaw data were obtained at an angle 
of attack of 6.4 deg and at Mach numbers of O.S and 1.0. 
Figure 17 shows the location of the model center of pressure 
for these test conditions. As angle of yaw was increased 
from 160 to ISO deg, the center of pressure moved forward 
on the model (downstream) at a Mach number of 1.0. 

Presented in Figs. IS through 20 is the side-force coef
ficient for various model attitudes and Mach numbers. At 
Mach number 1.0 and above, the side-force coefficient is 
positive and reaches a maximum near 90 deg of yaw as would be 
expected. At the subsonic Mach numbers, the trend of the 
data indicates that the maximum side-force coefficient occurred 
at some yaw angle between 20 and 70 deg. Angle of attack 
is shown as a parameter in Figs. 19 and 20 for Mach numbers 
of O.S and 1.0, respectively. An angle of attack effect is 
shown for the subsonic Mach number; however, this effect was 
negligible in comparison to the change in both trend and 
level between the two Mach numbers. 

The variation of yawing-moment coefficient with yaw 
angle is presented in Fig. 21 for O-deg angle of attack. At 
Mach numbers 1.0 through 1.6, the yawing-moment coefficient 
has the same trend and indicates that the missile has a nega
tive yawing moment through approximately 120 deg of yaw. 
At Mach numbers 0.6 and O.S, the yawing-moment coefficient 
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is at a different level than at the supersonic Mach numbers 
and has an abrupt shift near BO-deg yaw angle. Analysis of 
the base pressure data at the subsonic Mach number shows 
that the separated flow in the base region at yaw angles near 
o deg attaches to the base as the missile is yawed to approxi
mately BO-deg yaw angle causing the shift in yawing moment. 
The variation of yawing-moment coefficient with yaw angle is 
presented in Figs. 22 and 23 for Mach numbers O.B and 1.0, 
respectively, for various angles of attack. These data show 
little variation in yawing~moment coefficient as angle of 
attack was increased except near a yaw angle of BO deg. 

The variation of rolling-moment coefficient with angle 
of yaw is presented for Mach numbers of O.B and 1.0 in 
Figs. 24 and 25, respectively. These data are presented 
with angle of attack as a parameter and show that an increase 
in angle of attack causes a considerable increase in rolling
moment coefficient, especially near the 90-deg yaw position. 

Figure 26 shows the variation with Mach number of fore
body and base-drag coefficients at O-deg angle of attack and 
O-deg angle of yaw. The base-drag coefficient was calculated 
from base pressure data obtained from the pressure model. 
Since both the pressure model and the force model were the 
same configuration and had the same external dimensions, it 
was assumed that both models would have the same base-drag 
variations with Mach number. Therefore, the base-drag coef
ficient from the pressure model was used to correct the force 
model axial-force data to forebody axial-force coefficient. 

JET EFFECTS 

The purpose of the pressure phase of this test was to 
determine the effect of control jets on the aerodynamic 
forces and moments. The control jets were converging-diverg
ing nozzles with an exit Mach number of approximately 2.7 
and a throat diameter of 0.25 in. High pressure air was 
used as the working fluid with a stagnation pressure of 
700 psia and air weight flows of one lb/sec per jet. The 
aerodynamic forces and moments on the model were calculated 
by numerical integration of the model surface pressures. 
Jet reaction forces are not included in the model forces and 
moments presented. Statements concerning jet effects on the 
model pertain only to the influence of the jet on the model 
pressure distributions. No pressure orifices were provided 
on the model surface opposite the jets, and it was assumed 
that the jet influence field did not extend to this model 
surface. 
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Shown in Figs. 27 and 28 is the effect of the jet flow 
on the normal-force and pitching-moment coefficients as a 
function of Mach number at O-deg yaw angle and 0, 3.2, and 
6.4-deg angle of attack. These data are presented as a 
change (jet-on minus jet-off) in the normal-force and pitch
ing-moment coefficients. Figure 27 shows that turning the 
upper surface jets on caused a decrease in the normal-force 
coefficient, or essentially, the aerodynamic lift on the 
model is decreased. Turning the lower surface jets on has 
the opposite effect on the normal-force coefficient, or the 
lift is increased. Note that this jet influence in both 
cases augments the jet reaction forces. The calculated 
normal-force coefficient CNj caused by the jet reaction 
force of both jets is shown as the dashed curve on the fig
ures. The aerodynamic interference of the jet is approxi
mately equal to the effect of the jet thrust. The magnitude, 
of course, would vary depending on the jet characteristics 
and missile trajectory. 

Figure 28 shows that at Mach numbers from 1.0 to 1.6, 
with the upper surface jets operating (jets-on), an increase 
in pitching-moment coefficient was obtained, whereas with 
the lower surface jets operating, a decrease in pitching 
moment was obtained. At the subsonic Mach numbers, the con
trol jets cause very little change in the pitching-moment 
coefficient. The calculated pitching-moment coefficient Cmj 
caused by the jet reaction force of both jets is shown by 
the dashed lines on Fig. 28. With the upper and lower sur
face jets operating, the aerodynamic interference of the jets 
is of significant magnitude and results in considerable jet 
augmentation. As stated previously, the magnitude of these 
effects is dependent upon jet characteristics and missile 
traj ectory. 

The effects of jet flow on the normal-force and pitching
moment coefficients throughout the range of Mach numbers and 
yaw angles are presented in Figso 29 and 30, respectively. 
These data are for a = ° deg with only the upper surface con
trol jets in operation. The predominant changes in coeffi
cients occur generally between M = 0.8 and 1.0 and are essen
tially similar for a range of ~ of ±20 deg about ~ = 0, 90, 
and 180 deg. 

Figure 31 shows the effect of varying jet pressure ratio 
on the normal-force and pitching-moment coefficient. Limited 
data were obtained for various chamber pressures, but it is 
interesting to note that at a Mach number of 1.2 (a = ° and 
~ = 0) the jet thrust and aerodynamic effects are essentially 
the same magnitude and have the same trends for both normal
force and pitching-moment coefficients. 
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The effects of the control jet flow on the surface pres
sure coefficients in the immediate vicinity of a jet are 
shown in Figs. 32 and 33 for free-stream Mach numbers of 0.6 
and 1.4. The change in Cp is very large close to the jets 
but attenuates rapidly with distance from the jet. The pres
sures immediately ahead of the jet reach or approach free
stream total pressure, and the pressures immediately behind 
the jet are very low because of jet-ejector action. These 
data are typical and show the mechanism through which the 
aerodynamic influence of the reaction jets results. 

CONCLUSIONS 

1. The expected levels and trends of normal-force and pitch
ing-moment coefficients were exhibited by the body tested 
except at yaw attitudes greater than 160 deg. 

2. The expected levels and trends of side-force and yawing
moment coefficients were exhibited by the body tested 
except at yaw attitudes near 80 deg. 

3. Unusual stability characteristics existed for the body 
tested at a reverse attitude. Flow separation, even at 
low angles of attack, occurred on the reversed body at 
sonic and lower test velocities. This separation resulted 
in net body normal forces and pitching moments having 
opposite direction from those for the attached-flow case. 

4. Flow separation and reattachment were encountered on the 
model at extreme angles'of yaw. Associated with these 
transitional effects were very large shifts in center-of
pressure location. 

5. Abrupt changes in yawing-moment coefficients occurred at 
yaw angles near 80 deg for subsonic Mach numbers. 

6. The control effectiveness of the reaction jets was in
creased as a result of aerodynamic interactions. The 
magnitude of the interaction on pitching-moment coeffi
cient was approximately the same as the control jet 
reaction at supersonic speed, The aerodynamic inter
action at subsonic speeds was generally negligible. 
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TABLE 1 

PRECISION OF MEASUREMENTS 

'I/J = 0, 90 'I/J = 180 

M = 0.60 M = 1.60 Moo = 0.60 M = 1.60 
00 00 00 

CN ±0.025 ±0.023 ±0.045 ±0.042 

CA ±0.001 ±0.001 ±0.002 ±0.002 

Cy ±0.004 ±0.004 ±0.007 ±0.007 

Cm ±0.007 ±0.006 ±0.012 ±0.011 

Cn ±0.001 ±0.001 ±0.002 ±0.002 

C1 ±0.002 ±0.002 ±0.004 ±0.003 

Cp ±0.009 ±0.008 ±0.015 ±0.014 

M ±0.003 ±0.007 ±0.004 ±0.015 
00 

qoo ±4.25 ±7.10 ±4.17 ±7.80 
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NOTE; 
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